Abstract: Thermodynamical and optical properties of pure and electron beam irradiated (20, 80 and 100 kGy doses) liquid crystalline material cholesteryl pelargonate (nonanoate) have been investigated by differential scanning calorimeter, polarized light microscopy and ultraviolet-visible spectroscopy. Transition temperatures, enthalpies and entropies are found to be lowered due to the irradiation. A donor-acceptor type charge transfer complex peak is observed besides the pure sample peak in the ultraviolet-visible spectra due to irradiation. The concentrations of impurities have been estimated by the area of the pure and charge transfer complex peaks besides using the Van't Hoff equation. The concentration of impurity is found to increase linearly with the irradiation dose.
INTRODUCTION
Liquid crystalline materials have been useful for display devices (watches, calculators, automobile dashboards, televisions, multi media projectors etc.) as well as in electro tunable lasers, optical fibers and lenses, liquid crystal colloids, organic charge transport devices, light modulators, electrically controllable optical shutters, artificial muscles, drug delivery systems and many others since their discovery in 1888 [1] . They are the backbone of present high-tech electronic systems. The devices made up of liquid crystalline materials are some times used in radiation prone areas such as nuclear installation centers and space applications. Nuclear reactors, war fields and space radiation are the major sources of radiation. When these devices are used in such an environment, occasionally for a long time, different types and doses of radiation may cause their malfunctioning. The molecules of liquid crystalline materials are highly anisotropic. When a high energy particle passes through a substance the loss of energy taking place is a complex series of momentum sharing events (collisions) with the energy dividing itself into many small packets, some of which are dissipated as heat whereas others are stored as damage. In the case of a massive particle, such as a proton, neutron or a heavy ion, a spike of atomic displacements stores energy as terminal subclusters nanoseconds after the particle has passed through the solid [2, 3] . Therefore, it becomes important to study in which way different types and doses of radiation affect these materials. The study of the electrical *Address correspondence to this author at the Centre of Material Sciences, Institute of Interdisciplinary Studies (IIDS), University of Allahabad, Allahabad, India; Tel: +919415278539; Fax: +915322460017; E-mail: dr_ravindra_dhar@hotmail.com and thermodynamical properties of cholesteryl myristate (ChM) shows that the various transition temperatures, enthalpies and entropies are decreased while the electrical conductivity is increased due to -irradiation [4] . Proton andirradiation of different doses also drastically change the properties of several esters of cholesterol [5] . In some of our earlier work, we have found that the different display parameters of basic liquid crystalline materials (5CB, 8CB and 6CHBT) can be optimized by certain doses of electron irradiation [6] [7] [8] .
Cholesteryl pelargonate (ChP) is 9 th member (nonanoate) of the cholesteryl ester series and it is the first shortest chain length member of this series, which possesses a monotropic smectic (SmA) phase with chiral nematic or cholesteric (N * ) and blue phases in the cooling cycle [9, 10] . In the present work, we have irradiated ChP by an electron beam of 7 MeV up to a dose of 100 kGy and have investigated the changes in the thermodynamical and optical properties. The structure of the ChP is given as follows.
Molecular structure of cholesteryl pelargonate (nonanoate)
EXPERIMENTAL TECHNIQUES
The irradiation experiments were performed by an electron beam of 7 MeV energy and pulse duration of 3 s by a LINAC setup at Bhabha Atomic Research Center (BARC) [11] , Mumbai, India and at the National Center for Free Radical Research, University of Pune, Pune, India. UV-VIS spectra were acquired on an Ocean Optics' UV-VIS spectrophotometer DH-2000 coupled with an HR-4000-CG-UV-NIR detector. For acquiring the spectra, pure and irradiated materials were dissolved in chloroform and placed into a quartz spectro cell of 1 mm path length. For peak conformation different scans were acquired repeatedly. Thermodynamical studies of the pure and irradiated samples were carried out on a Perkin Elmer differential scanning calorimeter DSC-7. For the thermodynamical study 2-3 mg of the sample is needed which is weighed on an electro balance from Cahn (Model C-33) having an accuracy of 1 g and crimped in aluminum pans. The crimped pan is kept in one sample holder of the DSC while an identical pan is kept in the other reference holder as a reference pan. To purge any impurity around the sample in the sample holder, nitrogen gas is flown at about 25-30 lb/inch 2 pressure. DSC is allowed to run initially for first five cycles with a scan rate of 5 ºC/min in the range of 30-99 ºC in order to stabilize the transition temperatures and enthalpy of the transitions. Peak transition temperatures (Tp) which are considered as phase transition temperatures have been determined with the accuracy of 0.1 K whereas transition enthalpies ( H) have been determined with an accuracy better than 5% for fully-grown peaks. However, for weak peaks, uncertainties are large. DSC has been calibrated using zinc and indium at a scanning rate of 10 K/min. Different mesophases of the pure and irradiated samples have been identified from a texture study with the help of a CENSICO made polarized light microscope (PLM). The textures were acquired on a computer by a CCTV camera (model MINTRON). Temperature of the samples kept between two cover slips of glass under the microscope has been controlled with the help of a hot stage of Instec with temperature resolution of 3 mK and temperature accuracy of 0.1 ºC. Other experimental details are described in our earlier publications [12, 13] .
RESULTS AND DISCUSSION
The typical DSC thermograms showing the variations of the heat flow (mW) with temperature (°C) at a scan rate of 5 ºC/min in the heating and cooling cycles are shown in served transitions are isotropic-cholestric (I-N * ) and cholestric-smectic A (N * -SmA). The SmA-Cr transition is not observed in the cooling cycle in any of the samples because the analyzer of the DSC looses its control below 45 ºC and the complete crystal phase is observed only after overnight cooling.
The identification of the particular mesophases was done by a texture study. Plates 1 and 2 show the textures of the unaligned pure and 80 kGy irradiated samples in the N * phase at 72.5 ºC. Similarly Plates 3 and 4 show the textures of the unaligned pure and 80 kGy irradiated samples in the SmA phase at 64.4 ºC and 64.1 ºC, respectively. From the texture study, we find that pure ChP crystallizes at 41.7 ºC, while ChP (80 kGy) crystallizes at 35.2 ºC.
The phase transition temperatures increase linearly with the increasing scan rate [14] [15] [16] . Fig. (2) (a-d) show how the transition temperatures of different mesophases of the pure and irradiated ChP vary with the scan rate. In this plot, we have taken DSC observations of the pure and irradiated samples with different scan rates from 2.5 to 10 ºC/min at an interval of 2.5 and using a least square fit have extrapolated the graph to 0 ºC/min. The extrapolated transition temperatures at the virtual scan rate of 0 °C/min are listed in Table 1 for various doses of irradiation. This table shows that the transition temperatures of the different mesophases are depressed with the increasing irradiation dose.
Normally the mixing of any impurity in a compound depresses the transition temperatures of the material [16] . Alfassi et al. have found that the color transition temperatures of cholesteryl esters are lowered due to -irradiation and that lowering in the transition temperature depends upon the absorbed dose of irradiation [17] . In our case all the transition temperatures of the different mesophases are also decreasing with the increasing dose. Variation of the transition temperatures of different mesophases with the increasing irradiation dose is shown in Fig. (3) . These values of the different transition temperatures of the pure sample agree well with literature data [18, 19] . [14] . The above data show that electron beam irradiation is more damaging than -irradiation. However, from the comparison of the data of pure and irradiated materials, we find that in the heating cycle the N * range decreases by 26% while in cooling cycle, it increases by 16% due to electron beam irradiation. From the thermodynamical and optical study, we find that the range of the SmA phase is decreased by 4%.
Variation of the average transition enthalpies ( H in kCal/mol) with irradiation dose is shown in Fig. (4) and Table 1 . Transition enthalpies of the different mesophases of the pure ChP are in a good agreement with literature data [18] . Comparison of the transition enthalpies of the different mesophases of the pure and irradiated ChP show that the average transition enthalpies are lowered due to electron beam irradiation. Due to electron irradiation of 100 kGy dose, transition enthalpies of Cr-N * , I-N* and N * -SmA transitions are lowered by 29%, 23% and 8% respectively. Earlier, it was observed that due to -irradiation of 500 kGy dose on ChP, Cr-N * , N * -I-N * and N * -SmA transition enthalpies are decreased by 27%, 23% and 7% respectively [18] . Fig. (3) . Variation of the transition temperature (in ºC) with the irradiation dose (in kGy). Fig. (4) . Variation of the average transition enthalpies ( H, in kCal/mole) with irradiation dose (in kGy). Fig. (5) shows the variation of average transition entropies ( S, in Cal/mol-K) with increasing irradiation doses. The transition entropies with varying doses are also listed in Table 1 . Comparison of the average transition entropies of the pure and irradiated materials show that Cr-N * , I-N * and N * -SmA transition entropies are decreased by 29%, 22% and 15% respectively due to electron beam irradiation of 100 kGy dose. As entropy is related with the order of a system and assuming a crystal (Cr) phase as the most ordered phase, it can be said that if the change in entropy while going from Cr to N* phase is decreasing then it implies that the order and hence stability of the N* phase is increasing. The same can be concluded for the SmA phase. From the lowering of transition entropies, it may be concluded that the ordering of the mesophases of ChP is improving on electron beam irradiation.
The UV-VIS spectra acquired for the pure and irradiated ChP are shown in Fig. (6) . In the case of pure ChP, a single peak is observed at 252.0 nm from which the band gap of ChP comes out to be 4.93 eV. In an electron irradiated sample an additional peak is observed at 289.2 nm (corresponding energy 4.30 eV) along with the pure sample peak. The UV-VIS spectra suggest the possibility of the formation of a donor-accepter type charge transfer (CT) complex [20, 21] . If we compare the area under the two peaks, i.e. peak of the pure sample and that of the CT complex, we can estimate the concentration of the impurities produced by irradiation. Area under the peaks have been determined by two methods (i) by counting small squares (1 mm 2 ) under the area covered by the peaks and (ii) by a weighing method. From both the methods, concentration of impurities come out to be 6 ± 2%. Therefore, it can be said that the irradiated sample becomes a bicomponent mixture after irradiation.
The Van't Hoff equation is widely used in calculating impurities in organic and inorganic materials [22, 23] . Liquid crystalline materials are organic materials and therefore this equation can be used to calculate the impurities produced due to electron beam irradiation. We have calculated the concentration of the impurities produced due to electronirradiation by using the Van't Hoff equation given by
Where x is the molar fraction of impurities, H and T 0 are the enthalpy (in Cal/mol) and melting point (in K) for the pure material and T is the depression in the melting temperature due to impurity. R (=1.987 Cal/deg.mol) is the universal gas constant. Using Eq. 1, we have estimated the percentage impurity concentration for irradiated samples. Fig.  (7) shows the variation of the impurity concentrations with irradiation dose. This plot suggests that the concentration of impurity increases with the increasing dose of irradiation. The concentration of impurity for the 100 kGy electron irradiated sample comes out to be 5% which is in agreement which those estimated by UV spectra (6 ± 2%).
CONCLUSIONS
Changes in the optical and thermodynamical properties of cholesteryl pelargonate (ChP) due to electron beam irradiation are summarized as follows:
1. UV-Vis absorption spectra of the irradiated sample show a charge transfer complex peak at 289.2 nm (corresponding energy 4.30 eV) besides a peak of the pure sample at 252.0 nm (corresponding energy 4.93 eV). This suggests that the band gap of ChP decreases due to electron beam irradiation.
2. Transition temperatures are lowered due to irradiation as compared to those of the pure sample.
3. The depression in the transition temperature is linear with irradiation dose.
4. The temperature range of cholesteric (N * ) phase increases by 16% while that of the smectic A (SmA) phase increases marginally (~ 4%) due to irradiation.
Transition enthalpies ( H) and entropies ( S) are de-
creased due to irradiation.
6. The variations of the average transition enthalpies and entropies are found to be linear with the irradiation dose.
7. The impurities produced due to the irradiation also vary linearly with the irradiation dose.
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